Introduction
============

Quinazoline alkaloid tryptanthrin (TR) is one of the most widespread and well known cytotoxic and antimicrobial agents ([@b1-ijmm-46-04-1335]), obtained for the first time more than 140 years ago by sublimation of natural indigo under reduced pressure. Although TR was obtained by this method and by oxidation of indigo long before its finding in different biological sources, it was later isolated, using a chromatographic separation technique, from extracts of numerous indigoid higher plants (genera *Couroupita*, *Isatis*, *Polygonum*, *Strobilanthes* and others), fungi (*Candida lipolitica*, *Schizophyllum commune*, *Leucopaxillus cerealis*) ([@b1-ijmm-46-04-1335]), marine bacteria ([@b2-ijmm-46-04-1335]) as well as yeasts of the genus *Malassezia*, known as a part of the normal skin flora ([@b3-ijmm-46-04-1335]).

Therapeutic application of tryptanthrin-containing topical preparations in Chinese folk medicine ([@b4-ijmm-46-04-1335]) confirmed its potent anti-inflammatory action as well as anti-tumour and antimicrobial activities, particularly against mycobacteria and pathogenic protozoa, including malaria plasmodia ([@b5-ijmm-46-04-1335]-[@b8-ijmm-46-04-1335]). A tryptanthrin-containing oral and topical preparation has been developed using chitosan as carrier of TR, known as \'Kourochitin\'. It has been shown that this preparation has anti-inflammatory, antimicrobial, wound healing, anti-tumour, anti-allergic and other biological activities ([@b9-ijmm-46-04-1335]-[@b12-ijmm-46-04-1335]).

The peculiarities of TR biological action include an absence of membrane activity, ability to exhibit an immunosuppressive effect and an increase in intracellular ROS level ([@b13-ijmm-46-04-1335]). Oxidative stress induced by TR in various tumour cell lines is one of the assumed reasons for its cytotoxic activity and the ability to cause cell death via apoptosis mechanisms ([@b1-ijmm-46-04-1335],[@b14-ijmm-46-04-1335]). Interest in TR and its natural and synthetic derivatives was stimulated, not only by its promising biomedical properties, but also by its possibility of obtaining good yields using different synthetic methods; the coupling of isatin or its sodium salt with isatoic anhydride ([@b1-ijmm-46-04-1335]), oxidation of isatin ([@b15-ijmm-46-04-1335]), its treatment with PCl~5~ or POCl~3~ ([@b16-ijmm-46-04-1335]), and condensation of anthranilic acid with different aromatic derivatives ([@b1-ijmm-46-04-1335]) are examples of this.

At the same time, the main imperfections of TR and of the majority of its analogues and derivatives include very poor solubility in biological liquids, relatively high toxicity and an immunosuppressive effect when administered systemically. Based on this, we designed synthesis of new therapeutically promising, water-soluble and less toxic derivatives. The strategy of the study was to obtain a water-soluble analog of TR, known as mostotrin (MT), closely related to its mother compound by its flat structure, in which the CO group has been replaced by an isosteric C=N group. This modification led to significant changes of biological activities MT in comparison with TR, particularly in enhancing antitumor properties. Herein, we report the synthesis and biological properties MT, namely the antibacterial, cytotoxic and antitumour activity.

Materials and methods
=====================

Obtaining mostotrin from tryptanthrin
-------------------------------------

TR (0.508 g, 2 mmol), produced by experimental plant of PIBOC (Russia) by oxidation of isatin, and 20 ml of ice acetic acid, was placed in a two-neck flask equipped with a dropping funnel and reflux condenser and heated at 90°C over 1 h. Subsequently, Girard reagent T (0.458 g, 2.7 mmol), in 4 ml of ice acetic acid, was added dropwise for 10 min to the formed suspension. The reaction mixture was heated and stirred at the same temperature for 4 h. The solvent was removed under reduced pressure from the obtained red-brown solution at 60°C. The residue was treated with water (15 ml), stirred and filtered. The resulting solution was concentrated on a rotary evaporator in a vacuum and, consequently, butanol was added in small portions as a defoamer. Ethanol (20 ml) was added to the concentrate. After cooling at 5°C for 12 h, the precipitate of the product MT was separated by filtration (yield 67%), m.p. \>248°C (decomp.) and twice crystallised from ethanol. Its solubility was determined in experiments to obtain an aqueous solution of 200 mg/ml concentration using warm water (approximately 40°C); the obtained solution was stable for at least 1 month without turbidity or sedimentation. For comparison, the mother compound (TR) was sparingly soluble. Approximately 39 mg was separated by filtration and drying to a constant weight (3 replicates) after boiling 40 mg of TR in 400 ml of water, corresponding to a solubility of 0.0025±0.0005 mg/ml. This corresponds with information about its solubility, of 2.5 *µ*g/ml, from the company producing this preparation (Enzo-Life Science; tryptanthrin, inhibitor of prostaglandin and leukotriene synthesis; CAS 13220-57-0). Thus, MT was at least 5 orders of magnitude more soluble in water than its mother compound (TR).

^1^H and ^13^C NMR spectra were measured on Bruker Avance 700 and 400 spectrometers (Bruker Corporation) at 700 and 100 MHz, respectively, using D~2~O or DMSO-d6 as the solvent. Signals were assigned using a DEPT-135 pulse sequence. The ^1^H NMR spectrum was \[700 MHz, (D~2~O, d~6~-acetone as exterior standard, 2.219 ppm)\]: 7.83 d (1H), 7.76 d (1H), 7.66 t (1H), 7.748 m (NH), 7.45 t (1H), 7.395 d (1H), 7.36 t (1H), 7.32 d (1H), 7.18 t (1H), 4.645 s (2H), 3.495 s (9H). The ^13^C NMR spectrum was (DEPT, (CD~3~)~2~SO, 39.5 ppm): 168.4, 166.5, 157.7, 145.7, 145.5, 140.1, 135.3, 132.3, 129.3, 128.15, 126.9, 126.85, 122.2, 121.95, 121.3, 117.6, 116.4, 62.0 (CH~2~), 53.6 (CH~3~)~3~.

The IR spectra were recorded in KBr on a Spectrum BX-II spectrometer (Perkin Elmer). IR spectrum (KBr): 3430 (NH), 2925 (CH~2~), 1691 (C=O), 1632 cM^−1^ (C=N) (SI).

Mass spectra were recorded using an Agilent 6510 Q-TOF apparatus (Agilent Technologies), with a sample concentration of 0.01 mg/ml in methanol. ESI HRMS, positive mode, m/z: 362.1610, calculated for cation C~20~H~20~N~5~O~2~ 362.1612; ESI HRMS/MS of 362.1611, positive mode, m/z: 260.0822 (M^+^-HCl-COCH~2~-N(CH~3~)~3~) (SI).

The samples were dissolved in MeOH (c 0.001 mg/ml) and Sorbfil Si gel plates 4.5×6.0 cm, 5-17 *µ*m (Sorbpolimer) were used for thin-layer chromatography. Melting points were determined on melting point apparatus Leuca VM HB.

X-ray analysis of mostotrin
---------------------------

Analysis was carried out using a diffractometer, Bruker Kappa APEX2 (Bruker Corporation) (MoKa-radiation, graphite monochromator) at 173°K. Data collection, editing and refinement of the unit cell parameters were carried out using APEX2 programs (Bruker Corporation) ([@b17-ijmm-46-04-1335]). Calculations on the definition and refinement of the structure were made using the SHELXTL/PC programmes, Georg-August Universitat Gottingen, Department of Structural Chemistry, Gottingen, Germany ([@b18-ijmm-46-04-1335]). Absorption of X-rays in the sample was taken into account by equivalent reflections. The structure was determined by the direct method and refined by the least square method in the anisotropic approximation of non-hydrogen atoms. Hydrogen atoms were placed in geometrically calculated positions and refined in the rider model to study their participation in the formation of intramolecular bonds. The CIF file, containing information concerning the structure of MT, was deposited in the CCDC, no. 1964205.

Studies on binding MT and TR to DNA
-----------------------------------

Spectra for the studies concerned with binding to DNA were carried out in 10 *µ*M phosphate buffer (pH 8.0), 100 mM KCl solution at 22°C. Calf thymus DNA (Sigma) (ctDNA) was used in experiments. Fluorescence spectra were recorded with Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies) for 10 *µ*M of compounds with increased DNA concentration. The excitation wavelength was 380 nm, and emission was recorded in the range of 400-650 nm. Circular dichroism spectra were recorded with a Jasco J715 spectropolarimeter (JASCO Corporation). DNA concentration was 100 *µ*M (base pairs), and concentrations of the studied compound were 10 and 50 *µ*M ([@b19-ijmm-46-04-1335]). Binding parameters were calculated from the dependence of fluorescence intensity on DNA concentration using the McGhee-von Hippel equation ([@b20-ijmm-46-04-1335]). The binding isotherm reflecting an anti-cooperative binding of MT to DNA was plotted in the Scatchard coordinates.

Antimicrobial action
--------------------

Strains of microorganisms, including *Escherichia coli* ATCC 25922, *Pseudomonas aeruginosa* ATCC 27853, *Bacillus cereus* ATCC 10702, *Candida parapsilosis* ATCC 22019, *Mycobacterium* spp. R (fast growing nog9), were obtained from the museum of the Gause Institute of New Antibiotics, Moscow, Russia. Aqueous solutions of MT and DOX, or their solutions in PBS, as well as solutions of TR in DMSO (Sigma-Aldrich) were used in experiments. To reactivate after cryoconservation, test strains of micro-organisms were seeded on agar nutrient medium as follows: Bacterial strains on CASO-Agar (Sifin), and *Candida parapsilosis* with a titre of 2.5×10^3^ CFU/ml on RPMI-1640 medium (PanEco) with the addition of 0.2% glucose or on Saburo (Sigma-Aldrich). The bacterial strains were cultivated for 18-20 h, with the exception of *Mycobacterium* spp., which was cultivated for 3-5 days, and *Candida parapsilosis* which was cultivated for 48 h at 35±2°C. After cultivation, the biomasses of microorganisms were diluted in a physiological solution (Sigma-Aldrich) to a turbidity of 0.5 units, according to the McFarland turbidity standard, which was measured on a McFarland Densitometer (Biosan). Subsequently, 10 *µ*l portions of the studied compounds were added to the wells with microorganisms at the concentration range of 0.06-128 *µ*g/ml. The plates with the tested strains were incubated in a normal atmosphere at a temperature of 35±2°C for 16-24 h for bacterial cultures (in the case of *Mycobacterium* spp. R=96 h), and 24-48 h for *Candida* spp. The growth rate of microorganisms in each well was measured by the turbidity/absorption of the cell inoculum using a microplate reader at a wavelength between 405 and 530 nm. Antimicrobial activities of the tested compounds were determined as the minimum inhibitory concentration (MIC). The analysis was carried out in accordance with the recommendations of Russian GOST R ISO 20776-1-2010 and GOST R ISO 16256-2015 rules and the standard protocol described within.

Cytotoxic activity against tumour cells
---------------------------------------

The K562 human leukaemia, HCT116 colon carcinoma, B16-F0 murine melanoma, MCF-7 human breast adenocarcinoma and MDA-MB-231 human breast cancer cell lines were purchased from the American Type Culture Collection (ATCC). The reagents were purchased from Sigma-Aldrich, unless specified otherwise.

An aqueous solution of MT or its solution in PBS, as well as solutions of TR and doxorubicin (DOX) in DMSO, were used in the experiments. Cultures of the corresponding cells in the logarithmic growth phase were placed in a 96-well plate (Nalge NUNC International) at 5×10^3^ cells per well in 190 *µ*l of Eagle\'s culture medium (PanEco) and RPMI-1640 medium (PanEco), with the addition of 5-10% fetal bovine serum (HyClone), 2 mM L-glutamine, 100 U/ml penicillin and 100 *µ*g/ml streptomycin and incubated for 24 h at 37°C, 5% CO~2~. The cells were processed with 10 *µ*l of each solution of the studied compounds, prepared by successive double dilutions, added in a range of final concentrations from 0.1 to 50 *µ*M (total 10 concentrations: 0.1; 0.2; 0.4; 0.8; 1.6; 3.2; 6; 12; 25 and 50 *µ*M) and with 0.1% DMSO (vehicle control). Then, the treated cells were incubated for 72 h (each concentration was studied with three replications). At the end of the incubation, 10 *µ*l of an aqueous solution of 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, PanEco; 5 mg/ml) was introduced into the wells. After staining, the culture medium was removed, the cells were suspended in 100 *µ*l of DMSO, and the optical density of the solutions was measured on a microplate ELx800 photometer (BioTek) at a wavelength of 570 nm. The number of living cells in each sample (N, %) was calculated as a percentage of the control using the formula N=(IE/IK) ×100%, where IE is the optical density in each experimental well and IK is the optical density in the control wells (samples not treated with compound 1 or 2, the values N of which are taken as 100%). The cytotoxic effect of the compounds was characterised by the concentration of half-maximal inhibition (IC~50~), which was calculated based on the obtained values of N.

Animals
-------

Animal procedures were performed using female CD-1 (total 145 animals) or BALB/C (total 28 animals) albino mice, weighing 25±2 g, 8-10 weeks of age, originally obtained from the vivarium of the Institute of Bioorganic Chemistry, Pushchino, Russia. The mice were housed in standard animal facility in cages with an ambient temperature of 22±2°C, a controlled humidity of 50% and a 12-h light/dark cycle and were provided with free access to standard food and water.

Toxicity
--------

Toxicity assessment was performed using CD-1 albino mice, weighing 25±2 g. MT was administered once intraperitoneally in doses of 500, 250, 125 and 50 mg/kg/mice (5 mice in each group). Within 24 h after injection, mortality and changes in basic physiological parameters, such as body temperature, breathing frequency, wool characteristics, physical activity (motility, coordination and speed of movement), behavioural responses (excitation or inhibition, eating and drinking behaviours, grooming), were visually registered in each group of animals. LD~50~ values were calculated 24 h after administration using the formula: $$\text{LD}_{50} = \text{LD}_{100} - {\sum{\text{Zd}/n}}$$where, LD~100~ is the maximum dose that causes the death of all animals in the group, Z is the arithmetic average of the number of animals in which a mortality is noted under the influence of two adjacent doses, d is the interval between two adjacent doses, and n is the number of animals in each group ([@b21-ijmm-46-04-1335]).

Ethics approval
---------------

The animal study was performed in accordance with the European Convention for the Protection of Vertebrate Animals, Directives 86/609/EEC (Council of Europe European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes. Strasbourg: 1986, Accessed August 28, 2018) 18.III.1986. Council of Europe, ETS No. 123, European Convention for the humane methods for the animal welfare and maintenance \[Directive 2010/63/EU on the protection of animals used for scientific purposes EN. Official Journal of the European Union, L 276/33-276/79 (20.10.2010)\], the National Standard of the Russian Federation R 53434-2009 \'Good Laboratory Practice\' (National state standard GOST P 53434-2009 the Russian Federation standard \'The principles of Good Laboratory Practice\' approved and put into effect by the Order of the Federal Agency for Technical Regulation and Metrology of December 2, 2009, No 544) and approved by Ethic Committee of Animal Experimentation of G.B Elyakov Pacific Institute of Bioorganic Chemistry of the Russian Academy of Science.

Murine model of ascite Ehrlich\'s adenocarcinoma
------------------------------------------------

Ascitic Ehrlich carcinoma cells (EACCs) were maintained in the vivarium of PIBOC (Pacific Institute of Bioorganic Chemistry) using CD-1 albino mice by serial intraperitoneal (i.p.) passages with 7-10 day intervals. The mice were euthanised 7 days after inoculation, and the ascitic fluid was collected under aseptic conditions from tumour-bearing mice by needle aspiration from the peritoneal cavity. EACCs were obtained after washing three times with normal saline, followed by centrifugation (Eppendorf Centrifuge 5804) at 1,500 × g for 10 min at 24°C. Tumour cell counts were carried out using the trypan blue dye exclusion method. Cell viability was examined microscopically. For the study on anti-tumour activity, a suspension of these tumour cells (3×10^6^ cells/mouse) in 0.5 ml of 1% phosphate-buffered saline (PBS) (Sigma-Aldrich) was injected i.p. into CD-1 mice. One day after tumour inoculation, treatment was started with the studied compounds. The compounds and saline (for negative control) were injected i.p. as 0.5 ml aqueous solutions over 5 days (one injection per day). MT was used both in monotherapy at doses of 2.5, 5, 10, 25 and 50 mg/kg and in combination (with 5 or 10 mg/kg of MT +0.25 mg/kg antitumour drug, Doxorubicin-Teva, (DOX) (Pharmachemie). The animals were divided into the following groups, n=9 per gropu: i) Contr(-), negative control; ii) DOX, 0.25 mg/kg; iii) MT, 2.5 mg/kg; iv) MT, 5 mg/kg; v) MT, 10 mg/kg; vi) MT, 25 mg/kg; vii) MT, 50 mg/kg; viii) Dox 0.25 mg/kg + MT, 5 mg/kg; ix) DOX 0.25 mg/kg + MT 10 mg/kg.

Mean survival time (MST) and the percentage of increase in life span (% ILS) were calculated using the formulae: MST=Survival time (days) of each mouse in a group/Total number of mice and % ILS=MST of treated mice/MST of control group ×100%.

Murine model of solid Ehrlich\'s adenocarcinoma
-----------------------------------------------

EACCs were obtained as described in the previous section. Experiments were performed using BALB/C albino mice. Mice were inoculated with 0.2 ml containing 1.5×10^6^ viable EACCs in the right hind limb (thigh) subcutaneously. The animals were randomised and divided into 4 groups (n=7): i) Cont(-), negative control; ii) DOX, 0.25 mg/kg; iii) MT, 10 mg/kg; iv) DOX, 0.25 mg/kg+MT, 10 mg/kg. The treatment started when the primary tumour reached a size of 57-60 mm^3^. All tested remedies and saline (for negative control) were injected i.p. as 0.5 ml portions of aqueous solutions for 5 days (one injection a day). Tumour volume was measured from the 10th day of tumour induction, and then every 4 days for a period of 17 days. Tumour growth was assessed by measuring the volume of the solid tumour using a digital calliper, and was calculated using the formula: $$V = \pi/6\text{xLxWxH},$$where V, tumour volume; L, tumour length; W, tumour width; H, tumour height.

Evaluation of the chemotherapeutic efficacy of the tested remedies was carried out by inhibition tumour growth (TGI, %) in the experimental groups. TGI was calculated as described in ([@b22-ijmm-46-04-1335]) using the formula: $$\text{TGI} = (\text{1} - \text{Ve}/\text{Vc}) \times 100.$$where, Ve and Vc represent the median tumour volume in experimental and control groups, respectively. On the termination day (22nd day of tumour induction) experimental animals were euthanised by cervical dislocation under ether anaesthesia, and the tumour mass was removed for visual assessment of the tumour.

Anti-inflammatory action
------------------------

Lipopolysaccharide (LPS) from the bacterium *E. coli* (Sigma-Aldrich), at the dose of 0.1 mg/kg, was used for simulation of early stages of system inflammation in female CD-1 mice. A matching volume of i.p.-injected PBS was used as a vehicle control. The positive control was provided by application of Dexamethasone, a corticosteroid anti-inflammatory drug, injected i.p. at a dose of 10 mg/kg 1.5 h after LPS application. All the mice were divided into 5 groups (n=7): i) Cont(in), intact animals; ii) Cont(-), animals treated only with LPS (negative control); iii) Cont(+), animals treated with LPS and Dexamethasone 1.5 h later, injected i.p. at a dose of 10 mg/kg (positive control); iv) MT, animals treated with LPS and 1.5 h later with MT injected i.p. at a dose of 10 mg/kg; v) TR, treated with LPS and 1.5 h later with TR injected i.p. at a dose of 10 mg/kg. Levels of cytokines (INF-γ, IL-1 and IL-2) as indicators of system inflammation, were determined in the plasma of mice by immunoassay (BD Bioscience OptEIA). Animals were terminally anaesthetised with sodium pentobarbital (40 mg per mouse i.p., Euthatal, Merial Animal Health). The thoracic cavity was opened, and blood collected in heparinised tubes directly from the right atrium of the heart. This whole blood was centrifuged at 1.5 × g for 15 min at 24°C to remove cells; the plasma was then aliquoted and stored at -20°C. These samples were diluted appropriately and then analysed for INF-γ, IL-1 and IL-2.

Statistical analysis
--------------------

Statistical analyses were performed using GraphPad Prism software v.5.01 (GraphPad Prism Software Inc.) and MS Excel 2013 (Microsoft Corporation). The data for all *in vitro* and *in vivo* assays are presented as mean ± SEM (standard error of the mean). Statistical analysis among various groups was conducted by a one-way analysis of variance with Tukey\'s post hoc test. Statistical analysis for the survival curves in the animal treatment study was carried out using the log-rank test (Mantel-Cox test). Statistically significant differences were considered if P\<0.05. In the antimicrobial action test, the MICs were determined from independent triplicate assays and were based on a serial 2-fold plus or minus system; to be considered valid, MIC determinations for each of the 3 replicates had to be within plus or minus 1 dilution of each other. If necessary, additional replicates were run until 3 replicates were obtained within these limits.

Results
=======

Chemical synthesis and X-ray analysis
-------------------------------------

In order to improve the physicochemical properties and biological activity of TR, we performed chemical modifications of its structure. In particular, the reaction of TR and/or its derivatives was used with hydrazides of acids, which bear a positive charged fragment remote from the hydrazide group. [Fig. 1A and B](#f1-ijmm-46-04-1335){ref-type="fig"} describe the strategy of syntheses of water-soluble derivatives of TR and the synthetic path to the compound MT, respectively. It was expected that the product would contain a nearly planar arrangement, similar to TR itself ([@b23-ijmm-46-04-1335]) due to an intramolecular hydrogen bond between the NH group in the side chain and the nitrogen atom in the core moiety ([Fig. 1](#f1-ijmm-46-04-1335){ref-type="fig"}). Commercially available Girard reagent T, 1-trimethylammonium-3-hydrazin-ylpropan-2-one chloride, was determined to be suitable for this synthesis. Compound MT was synthesised by heating TR and Girard reagent in ice acetic acid ([Fig. 1B](#f1-ijmm-46-04-1335){ref-type="fig"}).

The conditions of synthesis, as well as the NMR, MS and IR spectroscopic data of MT used to establish its structure, are described in the experimental section. These spectra are given in [Figs. S1-4](#SD1-ijmm-46-04-1335){ref-type="supplementary-material"}. The molecular structure of MT was also confirmed by single crystal X-ray analysis ([Table SI](#SD1-ijmm-46-04-1335){ref-type="supplementary-material"}) and the results are shown in [Fig. 2](#f2-ijmm-46-04-1335){ref-type="fig"}. The crystalline molecular structure revealed the elemental unit to consist of twice repeated couples of oppositely oriented molecules of MT, four chloride ions and four water molecules ([Fig. S5](#SD1-ijmm-46-04-1335){ref-type="supplementary-material"}). The positions of hydrogen atoms were determined from the difference in electron density and were not specified. The atom, designated as H1 in [Fig. 2](#f2-ijmm-46-04-1335){ref-type="fig"}, participates in the formation of intramolecular hydrogen bonds in 1.

X-ray analysis showed that compound MT, when compared with that of the initial compound TR, has an additional six-membered pseudo-cycle, with five covalent and one hydrogen bonds ([Fig. 2](#f2-ijmm-46-04-1335){ref-type="fig"}, [Table SII](#SD1-ijmm-46-04-1335){ref-type="supplementary-material"}).

The interatomic distance of the abovementioned intramolecular bond ([Table SII](#SD1-ijmm-46-04-1335){ref-type="supplementary-material"}) emphasised this hydrogen bond to be strong because its length (1.75Å) was insignificantly more than the sum of Van-der-Waals radiuses of nitrogen and hydrogen atoms (1.55+1.09 Å). The plane obtained by our compound is as flat as TR ([@b23-ijmm-46-04-1335]) and has a similar electron density distribution, caused by the replacement of one carbonyl group for an isosteric C=N group.

Antimicrobial action
--------------------

Parent TR and its derivatives showed a broad-spectrum of antimicrobial and antifungal activities ([@b1-ijmm-46-04-1335]). To evaluate the antimicrobial potential of the newly synthesised MT, we compared the antimicrobial activities of the compounds MT and TR against gram-negative and gram-positive bacteria, including *Mycobacterium* spp., and the fungus *Candida parapsilosis* ([Table I](#tI-ijmm-46-04-1335){ref-type="table"}).

The obtained MIC values against *Bacillus cereus* ATCC 10702 and *Mycobacterium spp.* showed a potent antimycobacterial action of MT and TR, but no significant differences were revealed between the compounds. The antifungal activities of both MT and TR against *C. parapsilosis* were rather moderate. However, MT, in contrast with TR, is less active in relation to the majority of other bacteria and the fungus. Therefore, it should be noted that both MT and TR had high antibacterial activity against the drug-resistant tuberculosis bacteria*Mycobacterium* spp.

Cytotoxic activities against tumour cells
-----------------------------------------

In numerous earlier studies it was shown that TR itself, as well as some of its derivatives and/or analogues, demonstrates cytotoxic action against various lines of human and animal tumour cells *in vitro* ([@b1-ijmm-46-04-1335],[@b24-ijmm-46-04-1335]-[@b26-ijmm-46-04-1335]). In continuation of our search for more active and available cytotoxic compounds of this structural family ([@b9-ijmm-46-04-1335]), we evaluated the cytotoxic effect of the synthesised compound MT against the cell lines given in [Table II](#tII-ijmm-46-04-1335){ref-type="table"}. A wide range of tumour cell lines of various tissue origins was chosen for the MTT test. This allowed the rating of the cytotoxic activity of the new derivative MT in comparison with its paternal alkaloid TR but also the selection of cell lines sensitive to the new cytotoxic agent.

DOX, well-established against various types of cancer, was used as a positive control. It was demonstrated that MT showed higher activity, when compared with TR, against HCT-116, K-562 and MCF-7 tumour cell lines. By contrast, TR did not show activity against these cell lines at the investigated range of concentrations (50 *µ*M and below) but was more active against the MDA-MB-231 cell line. MT and TR did not show activity in relation to B16-F0.

In this way, compound MT was 5- to 40-fold more active against human tumour cells in comparison with TR, with the exception of MDA-MB-231 cells. Interestingly, compound MT exhibited the highest cytotoxic activity to the chronic myelogenous leukaemia cell line (IC~50~, *µ*M=1.0±0.1) ([Table II](#tII-ijmm-46-04-1335){ref-type="table"}). The high sensitivity of K-562 cells to the cytotoxic effect of MT may be associated with the biochemical proliferation features of these undifferentiated progenitor cells ([@b27-ijmm-46-04-1335]) and the presence of selective molecular targets for MT. Thus, the higher antiproliferative activity of MT against the majority of tested tumour cell lines and the much lower toxicity, in comparison with TR, suggested a probable augmentation of MT antitumour potential *in vivo*.

Studies on binding of MT and TR to DNA
--------------------------------------

To connect the shown cytotoxic activity with the physicochemical properties of MT, its chemical structure was taken into consideration. The planar structure of MT suggests this compound was able to interact with DNA and/or intercalate between DNA nucleotides in double-stranded DNA, and this may be connected with the mechanism of its biological action as has been shown for some other clinically established drugs ([@b28-ijmm-46-04-1335]). In order to determine whether the compounds MT and/or TR interact with ctDNA, a titration of the studied compounds with different concentrations of DNA was performed. In this experiment, it was shown that both MT and TR have intrinsic fluorescence, with a maximum near 500 nm. Using changes in fluorescence as a convenient method to indicate the formation of DNA complexes with the studied compounds, we initially established that the fluorescence of MT was markedly stronger when compared with TR. Apparently, the increase in fluorescence of MT is due to the replacement of a ketone oxygen in the precursor TR by nitrogen, linked to the side chain of MT. Notably, TR in contrast to MT, did not change in fluorescence in our experiments when DNA was added to its solution. Fluorescence quenching of the studied compound MT in this experiment showed its capability to be bound with DNA ([Fig. 3A-C](#f3-ijmm-46-04-1335){ref-type="fig"}).

Binding parameters can be calculated from the dependence of fluorescence intensity on DNA concentration. The binding isotherm was plotted in the Scatchard coordinates ([Fig. 3D](#f3-ijmm-46-04-1335){ref-type="fig"}). The isotherm reflects an anti-cooperative binding of MT to DNA. The approximation of the McGhee-von Hippel equation allowed us to determine the binding parameters. Approximately 5 base pairs on DNA were occupied by MT. The binding constant for MT was approximately 3×10^5^ M^−1^. At the same time, it should be noted that changes in the fluorescence intensities and spectra were not observed in experiments with TR. Therefore, the latter seems to have a much weaker interaction with DNA under the given conditions.

Circular dichroism spectra changed upon binding of MT
-----------------------------------------------------

In order to clarify the conformation of the complex formed by MT and DNA, circular dichroism (CD) spectra of DNA ([Fig. 4A](#f4-ijmm-46-04-1335){ref-type="fig"}) and the studied compound in complexes with DNA ([Fig. 4B](#f4-ijmm-46-04-1335){ref-type="fig"}) were obtained. A change of CD spectrum in the region of DNA absorbance ([Fig. 4A](#f4-ijmm-46-04-1335){ref-type="fig"}) was associated with conformational changes in DNA. It is of interest that the spectrum became similar to that of DNA A-form (positive band of DNA at 280 nm shifted to 260 nm).

These changes could also be caused by an induced CD spectrum of the ligand. The long wavelength absorbance in the CD spectrum reflected the ligand binding mode ([Fig. 4B](#f4-ijmm-46-04-1335){ref-type="fig"}). The positive band at low DNA occupancy (ratio of concentrations of DNA to MT is 10:1) demonstrated a groove binding was more likely than intercalation. A higher DNA occupancy led to the increased amplitude of a negative band near 350 nm, which apparently came from a close interaction of bonded nearby molecules. CD spectrum changes by TR at the same conditions were not detected.

Thus, the binding of MT with DNA, in contrast with the initial compound TR used for its synthesis, was confirmed in our experiments. Further attention should be paid to this specific binding in future studies on the molecular mechanisms of action of MT.

Toxicity
--------

Following these *in vitro* results, the examination of general toxicity *in vivo*, of the novel compound MT in comparison with TR, was carried out. The acute toxicity of MT was evaluated at doses from 50 to 500 mg/kg/mice (a single injection) via i.p. administration. A slight toxic effect of MT at doses from 125 to 250 mg/kg was observed during the first 15-60 min after administration, with the following external signs of intoxication: Decreased body temperature, shortness of breath, decreased mobility and general physical activity. These occurred without subsequent mortality. In these experimental groups, mortality was not detected and after 24 h, the animals showed a full recovery. However, at the dose of 500 mg/kg, all the animals in the experimental group died within 30-60 min, which is the reason for not using higher doses. The calculation established the LD~50~ of MT to be 375 mg/kg, making it possible to classify this compound as moderately toxic, according to the Hodge and Sterner toxicity scale. The LD~50~ of TR, as previously determined by us in the same animals, was determined to be 75 mg/kg. Therefore, we concluded that MT is approximately 5-fold less toxic than TR (unpublished data).

Antitumour activity in vivo using a murine model of the ascitic form of Ehrlich adenocarcinoma
----------------------------------------------------------------------------------------------

In our experiments, DOX was used as a positive control and along with compound MT for combinational treatment. The anti-tumour activity of the studied compound MT was dose-dependent and its overall activity was less than the activity of DOX. At doses of 50 and 25 mg/kg, this compound provided survival rates of 37.5 and 25%, respectively (data not shown). Active doses, which provided both survival and life expectancy, ranged from 2.5 to 10 mg/kg, with maximum effects at 10 mg/kg. The obtained results are given in the [Table III](#tIII-ijmm-46-04-1335){ref-type="table"} and [Fig. 5](#f5-ijmm-46-04-1335){ref-type="fig"}. It should be noted that joint application of MT+DOX, at doses of 0.25+5 mg/kg, resulted in 78% of survival on the 60th day, while increasing the dose of MT in this combination to 10 mg/kg provided 100% survival of mice, in contrast with the use of DOX alone. Thus, an enhancement of the anti-tumour action of DOX by MT was clearly established ([Table III](#tIII-ijmm-46-04-1335){ref-type="table"}).

Moreover, the examination of surviving animals treated with DOX revealed more significant signs of secondary cancer development in comparison with animals treated with a combination of MT and DOX. In fact, tumours were observed in 70% of the surviving animals treated by DOX, but only in 10% of those treated by the combination DOX+MT ([Table SIII](#SD1-ijmm-46-04-1335){ref-type="supplementary-material"}).

Anti-tumour activity in vivo using the murine model of solid Ehrlich\'s adenocarcinoma
--------------------------------------------------------------------------------------

In this experiment, MT treatment hardly changed the tumour size, whereas treatment with DOX alone led to some inhibition of the tumour growth. In the DOX and MT co-treatment group, chemotherapeutic efficacy was higher. On the 22nd day of the experiment, tumour size was markedly decreased and tumour growth inhibition (TGI) was slightly \>20% ([Table SIV](#SD1-ijmm-46-04-1335){ref-type="supplementary-material"}, [Fig. S5](#SD1-ijmm-46-04-1335){ref-type="supplementary-material"}). Consequently, solid Ehrlich\'s adenocarcinoma is less sensitive to the action of MT and DOX in comparison with the ascitic form.

Anti-inflammatory action
------------------------

It is well known that TR and its derivatives are potent anti-inflammatory and immunosuppressive agents ([@b1-ijmm-46-04-1335],[@b2-ijmm-46-04-1335]). Thus, we investigated the anti-inflammatory action of the compound MT in comparison with that of TR, using the murine model of systemic inflammation induced by the lipopolysaccharide (LPS) from *E. coli*. LPS is the exogenous ligand of Toll-like receptors and is responsible for the activation of key inflammatory pathways. It increases the expression of the genes responsible for the synthesis of, mainly, cytokines, which are involved in the development of the inflammatory and autoimmune processes ([@b29-ijmm-46-04-1335]). The results of the analysis of cytokine content in treated and untreated mice are given in [Fig. 6](#f6-ijmm-46-04-1335){ref-type="fig"}.

It was found that TR, unlike MT, decreased the levels of cytokines in the serum of experimental animals measured 1.5 h after their administration, as for treatment with Dexamethasone ([Fig. 6](#f6-ijmm-46-04-1335){ref-type="fig"}). Under the same conditions, MT hardly influenced the levels of IL-1β and 2, and showed a lower inhibition of IFN-γ levels than TR. Thus, MT is a weaker immunosuppressive agent in comparison with TR.

Discussion
==========

In the present study, we designed and performed the synthesis of so-called MT, a new water-soluble TR derivative. To the best our knowledge, MT is the first compound of the TR series with such properties. Its X-ray analysis has shown that the obtained compound MT contains an additional pseudo-cycle formed by an intramolecular hydrogen bond, in contrast with TR. The evaluation of its physiological action demonstrates that it has 5-fold lower toxicity than TR. Moreover, this modification led to significant changes of antimicrobial, cytotoxic, antitumor and immunosuppressive activities of MT in comparison with TR.

Parent TR showed a broad spectrum of antimicrobial and antifungal activities ([@b1-ijmm-46-04-1335]). The efficiency of TR against the pathogenic fungus *Trichophyton mentagrophytes* was comparable to that of the antibiotic griseofulvin ([@b30-ijmm-46-04-1335]). An oxime of TR was reported to be highly active against the bacterium *E. coli* ([@b31-ijmm-46-04-1335]). Compound TR also inhibits the growth of *Helicobacter pylori*, the main microbial factor responsible for the development of gastric ulcers ([@b32-ijmm-46-04-1335]). Some derivatives of TR are much more active than TR against pathogenic bacteria and fungi ([@b33-ijmm-46-04-1335]). The greatest attention to compounds belonging to this class has been caused by their anti-tuberculosis properties ([@b34-ijmm-46-04-1335]), as well as their efficacy against the flagellated protozoa *Trypanosoma brucei*, which is transmitted by tsetse flies and cause a sleeping sickness in humans and a related disease in cattle ([@b35-ijmm-46-04-1335]). In contrast to TR, antibacterial activity of MT in relation to the majority of chosen bacteria and the fungus was lower, but MT had high antibacterial activity against *Mycobacterium* spp. According to Kamal *et al* ([@b36-ijmm-46-04-1335]), an *in silico* molecular docking study demonstrated that TR and its derivatives can inhibit the activity of the enoyl-ACP reductase (InhA), an enzyme essential for the survival of *Mycobacterium* spp. InhA is one of the key enzymes involved in the synthesis of mycolic acid, which is an important component of *Mycobacterium* spp. cell walls ([@b37-ijmm-46-04-1335]). Thus, InhA may be suggested as a potential antimicrobial target of compound MT.

Previous findings have shown that TR itself, as well as some of its derivatives and/or analogues, demonstrate cyto-toxic action against various lines of human and animal tumour cells *in vitro* ([@b1-ijmm-46-04-1335],[@b24-ijmm-46-04-1335]-[@b26-ijmm-46-04-1335]). In the evaluation of cytotoxic activity of MT and TR in the present study it was demonstrated that MT showed higher anti-proliferative activity, when compared with TR, against HCT-116, K-562 and MCF-7 tumour cell lines. Thus, MT exhibits antimicrobial activity and shows cytotoxic effects against different human tumour cell lines *in vitro*. Of those strains of microorganisms and tumour cell cultures tested, mycobacteria and leukaemia cells are most sensitive to the action of MT. The DNA binding capability of MT (unlike TR) may be connected with a possible mechanism of its cytotoxic action.

MT possesses *in vivo* anti-tumour action on Ehrlich\'s carcinoma models either alone or, notably, in combination with DOX. In the ascitic form of Ehrlich adenocarcinoma it was shown that treatment with a combination of MT and DOX was more effective in comparison with monotherapy of MT and DOX. Thus, solid Ehrlich\'s adenocarcinoma is less sensitive to the action of MT and DOX in comparison with the ascitic form. It is well known that the ascitic form of Ehrlich\'s adenocarcinoma responds significantly better to i.p. treatment with anti-tumour drugs than the solid form ([@b38-ijmm-46-04-1335]). To understand the mechanism of action of MT against various tumour types in future studies the collection of histopathological samples would be valuable. We consider that the results concerning joint application of MT with DOX (*in vivo* experiments) are of biomedical significance. The obtained data were also compared with previous results on the examination of anti-tumour activity of the parent compound TR and remedies based on it, such as the so-called \'Courochitin\' ([@b11-ijmm-46-04-1335],[@b26-ijmm-46-04-1335]). Of note, the latter also inhibited tumour growth in mice with ascitic Ehrlich carcinoma at oral administration, particularly in combination with the antitumour drug \'Cyclophosphan\' ([@b11-ijmm-46-04-1335]), but its effect was less significant. It also was noted that modification of the structure of TR plays an important role in the development of new anti-tumour agents, with high efficacy against DOX- and etoposide-resistant tumour cells ([@b26-ijmm-46-04-1335]).

It should be noted that MT is a weaker immunosup-pressive agent in comparison with TR. It is well known that anti-inflammatory and immunosuppressive activities of TR and its derivatives are believed to be the result of their multiple action on Toll-like receptors and signalling pathways involved in the development of inflammatory reactions, for example, nuclear factor-κB (NF-κB) and signal transducer and activator of transcription (STAT), as well as its activity on the expression level of enzymes such as cyclooxygenase-2 (COX-2) and 5-lipooxygenase (5-LOX) ([@b39-ijmm-46-04-1335]-[@b41-ijmm-46-04-1335]). Consequently, in the murine model of systemic inflammation induced by LPS TR, TR inhibited the release of IL-1β, IL-2 and INF-γ. In particular, a pronounced decrease in the level of INF-γ was detected. INF-γ is known as an important pro-inflammatory cytokine, which activates the NF-κB and JAK-STAT path-ways, and also COX-2 and 5-LOX activity ([@b42-ijmm-46-04-1335],[@b43-ijmm-46-04-1335]). By contrast, MT exerts a lower immunosuppressive effect via inhibition of proinflammatory cytokine levels in plasma compared to TR. This may be an important positive factor for the treatment of cancer and/or tuberculosis with MT, but these findings require further confirmation. Thus, MT may be considered a promising anti-tumour and antimicrobial hit compound.
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![Syntheses of water-soluble derivatives of TR and the synthetic path to the compound MT. (A) Outline of water-soluble derivatives of tryptanthrin. (B) Synthesis of mostotrin: N,N,N-Trimethyl-2-oxo-2-\[2-(12-oxoindolo\[2,1b\]-quinazoline-6(12H-iliden)-hydrazinyl\]-ethyl ammonium chloride.](IJMM-46-04-1335-g00){#f1-ijmm-46-04-1335}

![Molecular structures of MT.](IJMM-46-04-1335-g01){#f2-ijmm-46-04-1335}

![Fluorescence reflects the ctDNA binding by TR and MT. Fluorescence spectra of (A) TR and (B) MT are changed upon increases in DNA concentration; open circles, free compounds; filled circles, presence of 200 *µ*M (base pairs) DNA. (C) Dependence of relative fluorescence intensity at 500 nm on DNA concentration; TR, triangles; MT, squares. (D) Binding isotherm of MT to DNA, solid line is approximation with McGhee-von Hippel equation with binding parameters L=4.9±0.4 base pairs, Kb=3.4±0.4×10^5^ M^−1^.](IJMM-46-04-1335-g02){#f3-ijmm-46-04-1335}

![Circular dichroism (CD) spectra changed upon binding of MT. Changes of CD in ctDNA absorbance region. (A) CD spectra of MT induced by DNA binding. (B) DNA concentration was 100 *µ*M (base pairs), concentration of MT was 10 *µ*M (dashed line) and 50 *µ*M (solid line). CD spectrum of DNA in absence of compound plotted with solid line marked with open circles.](IJMM-46-04-1335-g03){#f4-ijmm-46-04-1335}

![Boosting effect of combinatorial treatment with DOX and different doses of MT. Survival plot of tumour-inoculated animals treated with DOX or different doses of MT alone, and the DOX-MT combination. Statistical analysis for the survival curves was carried out using the log-rank test. P\<0.05, calculated in pairwise comparisons, was considered statistically significant.](IJMM-46-04-1335-g04){#f5-ijmm-46-04-1335}

![Effect of TR and MT on the levels of the cytokines IL-1β, 2 and IFN-γ in blood serum. Cont(in), intact control; Cont(-), negative control; Cont(+), positive control (treatment with anti-inflammatory drug dexamethasone); MT, group treated with mostotrin; TR, group of animals treated with tryptanthrin. Columns show the concentrations of pro-inflammatory cytokines, in pg/ml. Results are presented as mean ± SEM, n=7 for each group. P-values are labelled as ^\*^P\<0.05, ^\*\*^P\<0.01 vs. negative control group, and \#P\<0.05 vs. intact group (Tukey\'s test).](IJMM-46-04-1335-g05){#f6-ijmm-46-04-1335}

###### 

Experimental values of the minimum inhibitory concentration of MT and RT in relation to the pathogenic strains of microorganisms.

  Test microorganisms                   MIC (*µ*g/ml)   
  ------------------------------------- --------------- -------
  *Staphylococcus. aureus* ATCC 29213   64              32
  *Staphylococcus. aureus* (MRSA) 88    128             32
  *Enterococcus faecalis* (VRE) 583     128             64
  *Bacillus cereus* ATCC 10702          8               8
  *Escherichia coli* ATCC 25922         \>128           8
  *Pseudomonas aeruginosa* ATCC 27853   \>128           \>128
  *Mycobacterium spp*.                  2               2
  *Candida parapsilosis* ATCC 22019     128             128

MT, mostotrin; TR, tryptanthrin; MIC, minimum inhibitory concen-tration of three experiments.

###### 

Antiproliferative activities of MT and TR in comparison with the antitumor drug doxorubicin.

  Test compounds   IC~50~, *µ*M                                                                                                                                                                            
  ---------------- -------------------------------------------------------- --------------------------------------------------------- ----------- -------------------------------------------------------- -----------
  MT               5.0±0.4[b](#tfn4-ijmm-46-04-1335){ref-type="table-fn"}   11.0±0.9[a](#tfn3-ijmm-46-04-1335){ref-type="table-fn"}   \>50        1.0±0.1[b](#tfn4-ijmm-46-04-1335){ref-type="table-fn"}   46.0±2.7
  TR               \>50                                                     \>50                                                      48.3±3.9    42.4±3.2                                                 21.2±1.7
  DOX              0.11±0.02                                                0.61±0.05                                                 0.55±0.05   0.10±0.01                                                0.52±0.05

MT, mostotrin; TR, tryptanthrin; DOX, doxorubicin; HCT-116, human colon carcinoma cell line; MCF-7, human breast adenocarcinoma cell line; B16-F0, murine melanoma cell line; K-562, human leukemia cell line; MDA-MB-231, human breast cancer. IC~50~, 50%: Growth inhibitory concentration. Results are presented as mean ± SEM, n=3.

P\<0.05,

P\<0.01 MT vs. TR (Tukey\'s test), the effect of MT and TR is incomparable with a DOX.

###### 

Evaluation of antitumor activity at treatment with DOX, MT and combinations of DOX and MT.

  Group                      Average life expectancy, days                              Longer life expectancy, %                                Survival, %
  -------------------------- ---------------------------------------------------------- -------------------------------------------------------- -------------
  Control(-)                 17±0.17                                                    \-                                                       0
  DOX (0.25 mg/kg)           57.55±0.2[a](#tfn6-ijmm-46-04-1335){ref-type="table-fn"}   338±0.5                                                  67
  MT (2.5 mg/kg)             26±0.45                                                    152.9±1.07                                               10
  MT (5 mg/kg)               25.7±0.47                                                  151.2±1.11                                               10
  MT (10 mg/kg)              29.1±0.45                                                  171.2±1.06                                               10
  DOX+MT (0.25 + 5 mg/kg)    58.9±0.16[a](#tfn6-ijmm-46-04-1335){ref-type="table-fn"}   346.5±0.4                                                78
  DOX+MT (0.25 + 10 mg/kg)   60±0[a](#tfn6-ijmm-46-04-1335){ref-type="table-fn"}        352.9±0[b](#tfn7-ijmm-46-04-1335){ref-type="table-fn"}   100

Control(-), negative control (without treatment); DOX, doxorubicin treatment; MT, mostotrin treatment; DOX+MT, joint administration of doxorubicin and mostotrin. Results are presented as mean ± SEM, n=9 for each group,

P\<0.01 vs. negative control group;

P\<0.05. DOX group vs. MT and DOX+MT 5-10 mg/kg groups (Tukey\'s test).
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